We study the evolution of square-wave patterns at the free surface of a glass-forming binary Lennard-Jones mixture over a wide temperature range, by means of molecular dynamics simulations. Particular emphasis is given on the surface diffusion which is found to be considerably faster with respect to the bulk, below the glass-transition temperature, in agreement with experimental and simulation data for organic glasses. Specifically, the pattern's amplitude is recorded as a function of time and the associated decay rate is extracted. Layer-resolved dynamic analysis further reveals that surface diffusion governs the relaxation below the glass transition temperature. Diffusion coefficients of the surface particles are larger than those in the bulk by a factor that reaches 10 4 at the lowest temperature studied. These deviations grow upon cooling.
catalysis 1 , fast crystal growth 2, 3 and the formation of low-energy glasses 4, 5 . Apart from their applications in industry and technology, molecular mobility and relaxation at surfaces and interfaces have been recently a subject of growing interest for fundamental research. To this end, several experimental approaches have been used to probe the surface evolution and mobility of thin films [6] [7] [8] [9] [10] . More specifically, an efficient way to gain insight into the surface mass transport and the associated dynamics, is to deposit nanoparticles on the film surface and subsequently to monitor the host material's response 9, 11 . Another powerful and versatile technique widely utilized for the determination of the surface-diffusion coefficient D s , characterizing the in-plane translation of molecules at the film surface, is the capillary-driven leveling of surface-gratings 6, 9, [12] [13] [14] . Several studies suggest that the mechanism governing the relaxation of these gratings is temperature and material dependent 12, 15 .
More specifically, recent works on glass-forming molecular liquids reported a transition from bulk viscous flow at temperatures higher than the glass-transition temperature T g , to surface diffusion below T g 13, 16 . Analogous studies in polymeric liquids revealed that bulk viscous flow was the only mechanism governing the surface decay, even at the highest viscosities studied 14, 17, 18 . According to Mullin's pioneering work 19 , the different mechanisms that could flatten the surface pattern (surface and bulk diffusions, evaporation-condensation, bulk viscous flow) can be distinguished by determining the decay rate dependence on spatial frequency. This method has been applied in crystalline metals 20 , amorphous silica 21 and molecular glasses 22 .
Measurements of diffusion coefficients of surface particles report values considerably higher than the respective bulk coefficients at the glass-transition temperature 12, 13 .
Furthermore, large variations in surface diffusion coefficients among different molecular glass formers bearing a similar bulk mobility were linked to the strength of the intermolecular forces 23 .
Further insight into glass-forming systems has been provided by molecular simulations. Several studies have addressed the factors that govern dynamical heterogeneity and spatial correlations in the bulk [24] [25] [26] [27] [28] . Furthermore, other works addressing systems under confinement have managed to elucidate the effects of confinement by rough or smooth walls on the liquid dynamics and to extract associated lengthscales [28] [29] [30] [31] [32] [33] . Extensive simulation studies have also been conducted on ultrastable vapor-deposited glasses 4, 34, 35 . However, to our knowledge, a small number of simulation studies probing the surface mobility in molecular glass formers have been reported so far. The aim of the present work is to provide additional insight into the surface mobility of a glass forming liquid by means of MD simulations. Similarly to a recent work where we probed the viscoelastic behaviour of nonentangled polymer films above T g through the capillary leveling of a square-wave surface pattern 41 , we examine the evolution of a similar surface topography atop a binary LJ mixture supported by an attractive substrate. This study is carried out over a wide temperature range, sampling both the glassy and liquid states of the film. The associated decay rates are extracted whereas surface and bulk mobilities are examined and compared with existing data.
II. Simulation details
We examine a binary mixture of 80% A and 20% B particles that interact via a LJ The initial configuration of the glassy film was obtained by the aid of the Aten program 46 . To create the square pattern at the free surface of the film, a flat film was initially equilibrated in the canonical ensemble at a temperature of T = 0.3.
Afterwards, particles were removed in a symmetrical manner in order to obtain the square pattern (see Fig.1 ). The lateral dimensions of the latter were Lx = Ly = 4.41, whereas its initial height (counted from the substrate) was h 0 = 15.67
To examine the behaviour in the bulk, a configuration comprising 5076 particles was constructed at an elevated temperature, T = 0.80. After removing close contacts, the system was cooled to T = 0.30 by conducting runs in the isothermal-isobaric ensemble (NPT) at pressure p = 0.0024. The temperature step between the isothermal runs ranged from dT = 0.1 for the highest temperatures to dT = 0.025 at temperatures around the bulk glass-transition temperature T g . The duration of each isothermal run ranged from 1.6x10 4 to 3x10 5 . Defining the cooling rate as the difference between the starting temperature and the final temperature divided by the time of the quench, the cooling rate was 1.7x10 10 . The glass-transition temperature of the binary mixture was determined by extrapolating and intersecting the linear dependences of the low-and high-temperature specific volume curves. This yielded a value of T g = 0.43 which compares well with data reported in the literature 40, 47, 48 . Bottom: Snapshot of the film at t = 233333 ; is the average height of the top-layer particles in the fully leveled film.
III. Analysis
To investigate the mobility of the liquid's molecules, it is useful to examine the probability distribution G s (r,t) of their displacements r, during a time t, i.e. the selfpart of the van Hove space-time correlation function defined as :
with being the position of particle i, N being the number of particles that constitute the film top layer, being the ensemble average over realizations and time origins and is the Dirac's function. In order to improve the statistics of our data, we do not distinguish between the different orientations of the vector r. In Fig.2 , the r dependence of for the molecules near the surface for two times t is displayed. Also shown in the figure, are the corresponding curves for the bulk sample.
The van Hove functions were evaluated at a temperature T = 0.375, near the bulk T g , as well as at a temperature T = 0.30 which lies below the glass transition. we see that in the bulk, and at low temperature, the distribution shows a vanishing probability for r larger than the near-neighbour distance (r = 1.0). As expected for a glassy behaviour, this implies that the particles have not managed to escape from the cages in which they were trapped initially. In contrast, the distribution for the surface particles exhibits non-negligible values up to r 5, thus providing evidence for the enhanced mobility at the free interface of the film. As expected, the difference between surface and bulk excursions grows with time. It is also noteworthy that the deviation of the surface mobility with respect to the bulk is less pronounced at higher temperatures (see right panel), in accordance with previous findings 38, 40 .
To further examine the dynamic aspects of the top-layer particles and possible deviations from a diffusive behaviour, we evaluated the non-Gaussian parameter (NGP): Malshe et al. 40 . In our case, the fine-structure separation of relaxation processes is no longer detected at T > 0.30, thus indicating a more homogenous surface decay process.
To examine the global consequences of the enhanced surface mobility on the film leveling, we have monitored the average height h av (t) of the top-layer particles. The initial value of h av (counted from the substrate) was h av0 = 13.5 . An example of the time evolution of the rescaled amplitude, for a temperature T = 0.45, is displayed in Fig.4a , where = 11.31 is the average height of the top layer in the fully leveled film. It should be noted here that the simulation runs at elevated temperatures were characterized by a very rapid relaxation of the square pattern and, concurrently, a significant number of particles that evaporated before the film full leveling. To avoid issues arising from poor data statistics, a value for higher than that predicted from volume conservation, was chosen. For consistency, this value was chosen at all temperatures studied. As can be inferred from Fig.4a , the temporal decay is exponential. Figure 4b displays the associated decay constant as a function of temperature, across the glass transition. We note that the minimum temperature at which full leveling of the square pattern was observed within the total simulation time, was T = 0.30. Examining Fig.4b , it appears that a mechanism distinct from the one above T g 13, 41 governs the decay of the square pattern below T g , in accordance with recent experimental studies 6, 9, 11, 13, 23 . The flattening of profile patterns at the free surface of films below T g has been ascribed to surface diffusion as suggested by Mullin's theory 19 . It must be noted that, since the mobile layer can still be considered at equilibrium within a certain temperature range below T g , and thus the Stokes-Einstein relation is valid there, one can also describe the surface mobility as a surface flow which leads to an identical partial differential equation for the profile's evolution 9 .
Surface diffusion levels a sinusoidal surface pattern at a decay rate proportional to q As it can be discerned, the diffusion coefficients of the surface particles seem to exhibit an Arrhenius-type temperature dependence, which is reminiscent of previous observations for oligomer glasses 6, 9 . Diffusion at the surface is faster than in the bulk by a factor that ranges from 10 2 to 10 4 at the lowest temperatures studied. This ratio drastically rises with cooling as it has been observed in both experimental and theoretical studies 6, 9, 13, 40 .
IV. Conclusions
Molecular dynamics simulations have been conducted in order to examine the decay process of a periodic square-wave pattern at the free surface of a binary LennardJones liquid. Contrary to previous simulation studies, the evolution of the height was examined over a wide temperature range sampling both the liquid and glassy states of the film. Different mechanisms appeared to control the relaxation at these two states.
By the aid of layer-resolved analysis of the particles' mean-squared displacements, we show that diffusion is much more efficient in the layer close to the free surface than elsewhere in the bulk. Specifically, the diffusion coefficient of the surface particles reaches a value 10 4 times larger compared to the one for the particles in the bulk and this difference grows upon cooling.
